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Introduction
Esterification is an industrially important process used for pharmaceutics, food, flavour, and biofuels (biodiesel). Finding a cheap and efficient route to produce biofuel is currently an important task to address the environmental concern footprint and cost of fossil fuels. Biodiesel is constituted by alkyl esters of fatty acids. It is usually produced by transesterification of natural fats (vegetal oils or animal fats) with methanol or ethanol. The reaction is slow and requires basic or acid catalysis. Today, different types of catalysts are used, such as alkalis or mineral acids. However, some drawbacks limit their use. For example, base catalysts (e.g. KOH), produces soap as a side product [1] . Such alkalis also tend to adsorb water during storage which further diminishes their catalytic performance [2] .
Acids such as H2SO4 and HCl are used as homogenous catalysts, but are difficult to separate from the products and cause equipment corrosion and toxic waste [3] . To overcome these problems, acid heterogeneous catalysts with sulfonic acid groups on different matrixes, such as mesoporous and hierarchic materials [4] , zeolites [5] , disordered nanoporous carbons [6] , and supermicroporous polymers [7, 8] , have been developed.
Mesoporous silica with cylindrical pores, such as SBA-15 [9] , has been used as porous matrix for several catalysts, and especially silica functionalized with propyl sulfonic acid has been shown to be an efficient catalyst in organic reactions [3, 10] . The material can be synthesized with a wide range of characteristics that affect their performance in the esterification process, e.g. pore size [11] , pore structure [12] , and particle morphology [13] . SBA-15 particles can also be grown onto surfaces [14] as solid heterogeneous catalysts, which can easily be removed from the reaction solution and reused.
The transesterification rate will decrease with longer alkyl chains, which is a result of the interaction between the reactants and the catalyst surface [15] . To enhance the performance of silica based catalysts, organic groups can be grafted onto the silica surface together with the sulfonic groups. An alternative to grafting is to form a CMK-5 material by depositing a thin carbon layer on the pore walls of the mesoporous silica [16] . CMK-5 is naturally hydrophobic, but when it is functionalized with sulfonic acid groups it becomes more hydrophilic. Such catalyst can be considered as a hydrophobic substrate with hydrophilic functional groups, which are stable during esterification [17] .
Since many characteristics of the catalyst matrix affect the catalytic performance it is crucial to optimize them for the reaction. The balance of the interaction between the reagents and the catalyst surface must be weighed against the diffusion possibilities to find the best catalyst matrix. Resinbased carbons are alternatives to the more expensive ordered mesoporous carbon. It has been shown that porous carbons synthesized in a sol-gel reaction with resorcinol and formaldehyde perform well as catalysts for biodiesel production [18] . However, since there is a lack of interconnecting pores in this material, it is suitable for comparison with the CMK-5 to determine the key mechanism for finding the preeminent matrix.
In the present study, several high yield catalysts based on sulfonated mesoporous structures are presented. Most of them are based on mesoporous silica of SBA-15 type, with a monodispersed rod morphology [19, 20] to favour diffusion. The rods were either sulfonated during or after the SBA-15 synthesis. Carbon infiltration was performed using two different methods, and then sulfonated. In addition, unordered porous carbon and commercial catalysts are used as benchmarks. With this range of prepared catalysts, the effects of porosity and matrix hydrophilicity on the catalytic conversion are reported. The catalysts are tested in Fischer esterification of acetic acid and ethanol, as well as biodiesel production (transesterification) from sunflower oil triglycerides and ethanol. The results emphasise the importance of a proper matrix choice for the catalytic group, and how the hydrophilicity and pore structure affects the catalytic performance.
Experimental methods 2.1 Synthesis
For the syntheses, HCl (Cicarelli), Poly(ethylene glycol)-block-poly(propylene glycol)-blockpoly(ethylene glycol) Mn ~ 5800 g/mol (P123) (Aldrich), ammonium fluoride (Sigma-Aldrich), heptane (Sigma-Aldrich), tetraethyl orthosilicate (TEOS), resorcinol (Sigma-Aldrich), (3-Mercaptopropyl)trimethoxysilane (MPTMS) (Aldrich), formaldehyde (Cicarelli), cationic polyelectrolyte (poly(diallyl, dimethylammonium chloride) (PD) (BDH), and sodium carbonate (Cicarelli) were used as received.
SBA-15 synthesis
Monodispersed SBA-15 particles were synthesized using the route described by Björk et al. [20] . In a typical synthesis, 4.8 g of P123 and 40 mg NH4F were dissolved in 160 nm of 1.84 M HCl. When the reagents had dissolved, 2 mL of heptane was premixed with 11 mL of TEOS, and this mixture was added to the micellar solution under vigorous stirring for 4 min at 20 °C. After this, the stirring was turned off and the synthesis was kept under static conditions for 20 h. The solution was then transferred to a TPFE flask and hydrothermally treated at 100 °C for 24 h. The final product was collected by filtration, washed with distilled water, dried in room temperature overnight, and finally calcined at 550 °C for 5 h with a ramp of 1 °C/min. This material is labelled SBA-15.
Post-sulfonation (SBA-15-PS)
SBA-15 with sulfonic groups was synthesized by controlled functionalization of the mesoporous surface. This was achieved by linking thiol groups trough the reaction of the as prepared SBA-15 with a functionalized silane (mercaptopropylsilane, MPTS) followed by oxidation of the thiol group using H2O2 to sulfonic acid.
The matrix material was synthesized using a SBA-15 protocol where the P123 template was removed by H2O2 oxidation [21] , instead of calcination in order to enhance the number of silanol groups. The SBA-15 was then sulfonated using the protocol from Pirez et al. [22] . In a typical synthesis, 0.5 g of SBA-15 was mixed with 0.5 mL of MPTMS and 15 mL of Toluene. This mixture was stirred under reflux at 130 °C for 24 h. The material was collected using centrifugation and was washed with ethanol prior to drying in a furnace at 80 °C. The thiol groups were then converted into sulfonic acid groups by oxidation with 15 mL H2O2 for 24 h in room temperature. The product was then centrifuged, washed with ethanol, and dried over night at 80 °C.
Direct sulfonation (SBA-15-DS)
SBA-15 materials bearing sulfonic groups were also synthesized by in situ oxidation of thiol groups in the matrix by addition of MPTS and H2O2 during the SBS-15 material formation.
The direct sulfonated SBA-15 was synthesized using a modified route from Margolese et al. [23] . Half batch size of the SBA-15 synthesis described above was used. 20 min into the static time of the SBA-15 synthesis, 0.5 mL of MPTMS and 0.8 mL of H2O2 30 % were added to the synthesis solution. The mixture was gently stirred just to mix in the new reactants, and then static conditions were kept for 20 h. The solution was then hydrothermally treated at 100 °C for 24 h. The material, labelled SBA-15-DS, was collected by filtration, and the template removed by oxidation with H2O2 [21] . The material was washed with deionized water and dried over night at 80 °C.
Carbon infiltration using furfuryl alcohol (SBA-15-Carb1/2)
1 g of SBA-15 was mixed with 1 mL (SBA-15-Carb1) or 2 mL (SBA-15-Carb2) of furfuryl alcohol. The mixture was then put in vacuum to assure an even distribution of the furfuryl alcohol into the mesopores. The alcohol was polymerized at 90 °C for 1 h. Finally, the polymer was pyrolyzed in argon atmosphere at 800 °C for 1 h with a heating rate of 40 °C/min, to form a thin carbon layer on the pore walls.
Carbon infiltration using resorcinol (SBA-15-RFC)
1 g of SBA-15 was mixed with 0.6 g of resorcinol dissolved in 60 mL of deionized water. The mixture was stirred at ambient temperature for 2 h to adsorb the resorcinol in the pores. The particles were separated by centrifugation and washed with deionized water. The composite was dried at 80 °C overnight. The material was then exposed to vapours of formaldehyde and ammonia (catalyst) for 24 h to form the resorcinol/formaldehyde resin. The material was then pyrolyzed in argon atmosphere at 800 °C for 1 h under argon atmosphere with a heating rate of 40 °C/h to form carbon particles.
Unordered porous carbon (PC)
The unordered porous carbon was synthesized following the protocol by Bruno et al. [24] . Monolithic porous carbons were synthesized by polycondensation of resorcinol (R) with formaldehyde (F) in the presence of PD as pore stabilizer and sodium carbonate (C) as basic catalyst. The molar ratio of resorcinol to formaldehyde (37 % wt in an aqueous solution) (R/F) and the ratio of resorcinol to water (R/W) were both fixed at 0.5 g/mL. Furthermore, the PD/R ratio was kept constant at 7 and (R/C) at 200. All components were mixed and stirred for 10 minutes. Then the samples were polymerized by heating at 70 °C, in a closed system, for 24 h. to obtain a porous organic gel. The organic gel was dried in air for 6 h at 70 °C. Finally, porous carbons (PCs) were obtained by pyrolysis of the dried monolithic gels at 800 °C for 1 h under argon atmosphere with a heating rate of 40 °C/h.
Sulfonation of carbon containing materials
All carbon containing materials (ordered and unordered) were sulfonated using concentrated (98%) sulphuric acid. 0.2 g of matrix material was added to 10 mL of H 2SO4 . The mixture was heat treated for 8 h at 80 °C under reflux and then cooled to room temperature. The samples were carefully washed with distilled water and separated by centrifugation. The washing was repeated until the washing solution reached neutral pH. In that way, the black precipitate was isolated [25, 26] . Finally, the sulfonated carbon containing materials were dried at 80 °C overnight.
Characterization 2.2.1 Materials Characterization
Nitrogen sorption isotherms were obtained using a Micromeritrics ASAP 2020 at -196 °C with samples degassed at 200 °C. The specific surface area was determined with the BET method at P/P0 = 0.1 -0.2.
The pore size was calculated using the KJS method [27] at the adsorption isotherm for the silica based materials, and the BJH method [28] for the unordered porous carbon. The total pore volume was estimated at P/P0 = 0.98. Small angle x-ray diffraction (SAXRD) was performed on a PANAlytical Empyrean in transmission mode using Cu Kα radiation. Scanning electron microscopy (SEM) was performed with a Leo 1550 Gemini Scanning Electron Microscope operated at 3 kV and a working distance of 3 -5 mm. Transmission electron microscopy (TEM) was performed with a FEI Tecnai G2 F20 UT microscope operated at 200 kV to observe the porous structure of the materials, and energy dispersive x-ray spectroscopy (EDS) to identify the position of the sulfonic acid groups. TEM specimens were prepared by dropping the materials on a lacey carbon grid without using sonication. Prior to the EDS analysis of the sulfonated materials, they were treated with a 0.1 M BaCl2 solution. The relative wettability by the hydrophobic reactant (sunflower oil) [29, 30] was evaluated by turbidimetry [31] . 1 mg of each catalyst powder was sonicated with 2 ml sunflower oil for 15 min, and immediately afterwards, the light extinction was measured in a spectrophotometer (Hewlett-Packard 8453 diode array UV-visible spectrophotometer) at 700 nm, as a function of time. To avoid the interference of differences in light absorption, the extinctions are normalized to the maximum extinction and the precipitation kinetics is used as indication of wettability [32] .
Determination of number of catalytic groups
Determination of sulfonic acid groups was performed using acid-base titration. For the silica samples, 0.10 g of the material was mixed with 10 mL deionized water and the amount of acidic groups was determined using direct titration with 0.10 M NaOH solution. For all carbon containing samples, 0.10 g of the materials were mixed with 10 mL 0.1 M Na2SO4 to react with the sulfonic groups, forming bisulfate [33] . This solution was stirred for 4 h prior to titration with a 0.10 M NaOH solution. The bisulfate groups in solution react with the NaOH giving the total amount of sulfonic acid groups.
Other acid groups (carboxylic, phenolic, lactonic) are less acid than sulphate and do not give bisulfate upon exposure to sulphate ions [18] . The standardization of the NaOH solution was performed using potassium phthalate monoacid as primary standard and a digital pH meter. Eq 1 was used to calculate the amount of acidic groups.
Where nac is the moles of acid groups, VNaOH is the volume used in the titration and [NaOH] is the base concentration used in the titration.
Fischer esterification of acetic acid with ethanol
The performance of the synthesized catalysts was tested in esterification of acetic acid with ethanol.
In the reaction 50 mL ethanol and 20 mL of acetic acid was mixed with 0.1 g of the catalyst. The reaction was carried out at 80 °C under constant stirring and reflux for 8 h. The reaction mixture was continuously sampled by removing 1 mL aliquots and mixing it with 1 mL of distilled water to terminate the reaction. The acetic acid conversion was determined by direct titration using 0.2 M NaOH. The equivalence point was found using a pH electrode. The conversion was calculated using Eq 2.
Where molHAcinitial is the initial moles of acetic acid, molHAcend is the moles of acetic acid at different times.
Transesterification of sunflower oil triglycerides with ethanol
Some catalysts were also tested in the transesterification of sunflower oil triglycerides and ethanol to produce biofuel. In the reaction, 2.75 mL of sunflower oil was mixed with 3.3 mL of ethanol and 0.25 g of catalyst. The reaction was performed at 90 ° under constant stirring and reflux for 8 h. After the reaction, the mixture was centrifuged to remove the catalyst from the reaction medium.
Subsequently, the supernatant liquid consisted of two immiscible phases, one oil phase and one alkyl-rich phase. The volume and density of the alkyl-rich phase was determined, and further analysed by gas chromatography (GC) to determine the total amount of fatty acid ethyl esters (FAEE) in the product and its composition. These data were used to calculate the mass of the phase recovered and finally the reaction yield. The FAEE yield percentage was calculated using [34] 
• 100 Eq. 3
For gas chromatography, a Hewlett Packard 5890 Series II coupled to a mass detector 5972 series of the same brand was used. The ionization energy was 70 eV. The oven temperature was programmed as follows: initial temperature 60 ° C, final temperature 260 ° C, with a heating rate of 4 ° C / min. Helium carrier gas was used at the rate of 0.8 mL / min. The injector temperature was 200 ° C and column head pressure was 5 psi. For the analysis, 60 µL of product, 10 µL of dodecane, and 6 mL of hexane were premixed, and 0.1 µL of this mixture was injected to the chromatograph.
Results and discussion

The materials
It has been shown that the presence of additives (fluoride ions, heptane) can be used to change the shape of SBA-15 nanoparticles and its porosity [19] [20] [21] . Since in some cases the synthetic procedure necessary to incorporate catalytic acid groups require the addition of other precursors (e.g. MPTS) it is necessary to evaluate their effect on the particle morphology. In those cases when carbon is incorporated after the silica synthesis to anchor the catalytic acid groups, it is relevant to determine if the carbon coats the internal mesoporous walls or just the outside of the particles.
Scanning electron micrographs of the synthesized materials are shown in Figure 1 . The original SBA-15 consists of discrete ~400 x 400 nm 2 large particles. The materials infiltrated with carbons have the same morphology, with no external carbon particles visible. SBA-15-DS (Figure 1 (b) ), which was functionalized during the particle synthesis, consists of more narrow particles, with the same length as the SBA-15. This indicates that MPTMS and H2O2 either affect the extension of the PEO chains into the aqueous solution [20] , or that the functional groups passivate the -OH groups on the silica surface, and limit side by side attachment of the elongated micelles [35] . The latter is most probable, since the MPTMS will exchange the silanol groups with thiol groups, and prohibit further condensation bonding between the micelles. The unordered carbon (Figure 1 (f) ) consists of large monoliths composed of clusters of nanoparticles. Transmission electron micrographs in Figure 2 show that all SBA-15 based materials have cylindrical pores with hexagonal order. This indicates that the infiltration of furfuryl alcohol to form a CMK-5 like structure [16] is successful, and that the pore walls are coated with a thin layer of carbon in SBA-15-Carb2. No excess carbon can be observed in the TEM micrographs (Figure 2 (b) ). In SBA-15-RFC (Figure 2 (c) ), there are two phases present, the hexagonal silica structure, as well as small darker particles. Since it is difficult to directly detect carbon by EDS, due to its low atomic number, the sulfonated materials were immersed in BaCl2 which reacts with the sulfonic groups. Therefore, a map of Ba should be equivalent to a map of sulfonic groups. derived from the isotherms (pore size, specific surface area, and total pore volume) are presented in Table 1 . The removal of P123 for original SBA-15 was done by calcination and by oxidation in H2O2 for SBA-15-PS and SBA-15-DS. Calcination is known to cause shrinkage of the silica, which is not the case for oxidation in H2O2. Oxidation in H2O2 also increase the number of silanol groups in SBA-15-PS [36] , and keeps the thiol and sulfonic acid groups on the pore surfaces [37] . The physisorption data also shows that the furfuryl alcohol infiltration forms thin carbon cylinders on the mesopore walls in SBA-15-Carb1 and SBA-15-Carb2. There are no indications of plugs or intrusions in the pores in the hysteresis lopes. The pore size is reduced to 9.2 and 8.9 nm with increasing furfuryl alcohol amount.
Considering this, we conclude that our method is a simple way to form CMK-5 carbons in large pore SBA-15. However, in this study the silica template for the CMK-5s is not removed. It is kept to avoid adding extra diffusion paths in the catalyst through the additional pores in a pure carbon replica.
In SBA-15-RFC, the mesopore size is similar to the parent SBA-15 material, while the specific surface area and total pore volume are significantly reduced (see Table 1 ). This is due to the presence of carbon particles mixed with the SBA-15. The carbon particles are likely to be dense and do not contribute to the surface area. The carbon particles increase the total mass, which results in a reduced specific surface area and total pore volume. However, the weight gain of 7.6 % is not sufficient to completely explain the large reduction of these parameters. Some of the carbon is expected to also be present inside the mesopores since the mesopore size is reduced, even though there are no noticeable amounts of sulfonic groups in the pore channels.
X-ray diffractograms for all catalysts are presented in Figure 3 (b). All SBA-15 based catalysts show three peaks which correspond to the hexagonal pore order in the material. The PC sample shows no diffraction peaks, indicating a disordered pore structure. The unit cell parameters calculated from the diffraction peaks are presented in Table 1 . It is clear that the silica based materials has a large unit cell parameter compared to the carbon infiltrated ones. This is due to shrinkage of the unit cell parameter upon heat treatment, e.g. calcination, compared to the H2O2 treated materials [36] . where mmix is the mass of the material after water removal as determined from the first plateaus in The number of acidic sites was determined by direct titration with NaOH. For both of the sulfonated SBA-15s, the number of acidic sites is very similar, independent whether the functionalization was performed during or after the material synthesis. It should be noted that in the SBA-15-PS, the sulfonic groups are all present on the material surface, while for the SBA-15-DS acidic groups can be present also in the silica wall. The amount of MPTMS added during the reaction correspond to an amount of ~ 1.92 mmol/g acidic sites in the silica, and it is hence most likely that additional sulfonic acid groups are present in the bulk of SBA-15-DS that are not detected from the titration. More sulfonic groups are present in the carbon based materials compared to the silica ones. Sulfonation is expected to occur on the silanol groups in the silica materials while it occurs across the entire carbon surfaces. Hence, the number of silanol-groups limits the sulfonation of silica, which is why we see less acidic sites in the silica based materials.
SBA-15-Carb2 has a significantly lower amount of acidic sites compared to SBA-15-Carb1, 0.59 and 0.87 mmol/g respectively. This is due to thicker, less porous carbon walls resulting in less available surface area. It should be noted that the treatment with sulfuric acid only affects the carbon surfaces, not the silica. Materials containing both SBA-15 and carbon also have silanol groups on the silica surface, and as will be shown, affect the catalytic performance even though they are not an active in the catalytic reaction.
The disordered carbon, PC, has a lower concentration of sulfonic groups compared to the other carbon based materials, although the specific surface area is large. A large part of this surface is generated by the disordered micropores, in which the diffusion is poor. The sulfonic acid penetrates these micropores less effectively compared to the larger mesopores, and as a result the micropore walls are sulfonated to a lower degree.
Catalytic activity during Fischer esterification
The catalysts were tested for Fischer esterification of acetic acid with ethanol using a molar ratio of acid to alcohol 1:2.5 at 80 °C. The acetic acid conversion is presented in Figure 5 . For comparison, the reaction was also performed in the presence of non-functionalized SBA-15 and of two commercial solid acid catalysts (Nafion®117 and Amberlite IR-120). Figure 5 shows that the entire lot of synthesized materials exhibit enhanced catalytic effects compared to the parent SBA-15 material.
The in situ functionalised silica material, SBA-15-DS, is a more effective catalyst compared to the post functionalised SBA-15-PS, even though the number of acidic sites are the same ( Table 1 ). The pore widths and lengths are similar for these materials, which should yield a comparable diffusion within the pores. Instead, the most probable reason for the discrepancy is the attachment of the sulfonic groups, although the same sulfonating chemicals were used. During direct sulfonation, thiol groups are directly linked to the silica framework, while in the post functionalization case, the thiol groups are replacing silanol groups on the silica surface [38] . While it is unlikely that thiol or sulfonic groups below the surface being directly exposed during titration or initial reaction times, the dissolution of the porous surface will expose new sulfonic groups in direct sulfonated materials (SBA-15-DS) while the functional group will be leached upon dissolution in the post functionalizated material (SBA-15-PS). After an 8 h cycle, only ~15 % of the silica catalyst can be recovered, which indicates that the majority of the catalyst has been dissolved, and the sulfonic acid groups in the walls of SBA-15-DS have been exposed and increases the efficiency of the catalyst. The catalytic activity of SBA-15 without sulfonic groups is low, and corresponds to the reaction without a catalyst present. Table 2 ) and they all have a maximum conversions above 75 %. This occurs despite the differences in the concentration of catalytic groups (see Table 1 ), which suggest that equilibrium conditions for the reaction have been reached. Water is a side product of the esterification, and it may bind to silanol groups. Such situation favours a reverse hydrolysis reaction and lower the ester yield [4] . SBA-15-Carb2 has less silanol groups on the catalyst surface resulting in a slightly higher performance.
To elucidate the difference in performance of PC and SBA-15-Carb2, the turnover number, TON, was calculated by rationing the conversion with the amount of catalytic sulfonic groups ( Figure 5 (d)-(f) ), as well as the initial conversion rate (Table 2) . It is apparent that the initial rates for PC and SBA-15-Carb2 differ significantly. The difference between these materials is the pore structure and the good diffusion through the cylindrical pores of SBA-15-Carb2 results in a better catalytic performance than PC, where the diffusion takes place through a complex network of narrow pores and micropores.
This behaviour is consistent with previous studies showing better catalytic performance for mesoporous silica with larger pores compared to identical structures with smaller pores [11] , as well as that interconnecting pores are favourable for the reaction [22] . It is clear that the conversion rate is faster and the maximum conversion higher for the carbon infiltrated SBA-15 materials compared to non-carbon infiltrated ones, see Table 2 . The reasons for this are the higher amount of sulfonic groups in the carbon materials, and a stronger interaction between the sulfonic group and the reactants in the carbon based infiltrated materials. In the silicas, the sulfonic acid can interact with silanol groups, exposed during the dissolution of the material, and hence render a weaker acid compared to when the silanol groups are covered by the carbon layer as in SBA-15-Carb1 and SBA-15-Carb2 [39] . There can also be a confinement effect in the catalysts. The mesopores in the silica based and SBA-15-Carb materials are similar, and hence a the diffusion should be the same, but it is possible that the reagents reacting with the sulfonic acid groups in the interconnecting micropores in SBA-15-PS and SBA-15-DS gets trapped due to slow diffusion and hence decrease both the initial rate and maximum conversion. A slight positive confinement effect can also be observed in the carbon based catalysts. Comparing SBA-15-Carb2 and SBA-15-RFC with similar initial rates, SBA-15-Carb2 has a lower acidic site density (Table 1) . This indicates that the catalyst with cylindrical mesopores enables a higher conversion than free particles in the solution.
All the carbon containing materials and SBA-15-DS show better performance than the commercial solid acid catalysts ( Figure 5 (d) ).
Catalytic activity during transesterification of triglycerides (sunflower oil).
Since biodiesel production requires the transesterification of triglycerides with monohydric alcohols and 30 % respectively. The small difference can also here be related to the silica support of the SBA-15 based catalyst. Similar trends have been observed by Alonso et al. [15] , who observed that the rate of transesterification decreases when increasing the length of the alkyl chains. This was explained by steric hindrances, and repulsion between the non-polar ester chains, the polar acid groups on the catalyst's surface, and methanol in the pores.
SBA-15-RFC displays an outstanding 85 % conversion. This catalyst is a mixture of mesoporous silica and carbon nanoparticles. Here the hydrophobic functionalized carbon nanoparticles contain all the active catalytic sites while the hydroxyl groups of the hydrophilic silica adsorb the water bi-product.
The latter reduces the reverse hydrolysis reaction [17] and combined with the high concentration of sulfonic acid groups on the active carbon nanoparticles a very effective catalyst is achieved with a high FAEE yield.
From the presented study it is clear that the choice of matrix for the catalytic group is crucial for the catalyst functionality. The matrix interaction with the reactants and products strongly affects the performance of the catalyst. Both geometrical and chemical interactions must be considered.
Conclusions
The presented study shows that the choice of matrix for a catalyst is vital for the catalyst performance. Monodispersed SBA-15 particles were synthesized and successfully functionalized with sulfonic groups, either during or after the particle synthesis. Carbon based catalysts were produced by successful infiltration of furfuryl alcohol, forming a CMK-5 type structure, while RFC infiltration rendered a mixture between mesoporous silica and carbon nanoparticles. The method allows the synthesis of novel materials useful as heterogeneous catalyst for Fischer's esterification and transesterification. In both Fischer esterification of acetic acid and ethanol, and biodiesel production from triglycerides (sunflower oil) and ethanol, the matrix affects the reaction in several ways. All our synthesized catalysts outperform the commercially available Amberlite IR-120 and Nafion 117.
In the reaction with acetic acid, both the silica surface and the carbons are wetted by the reactants, but the carbon containing materials are more efficient due to a higher concentration of sulfonic groups on the surface. It was also shown that a good diffusion is needed for efficient reactions. This is achieved in ordered mesopores and around carbon nanoparticles, while narrow, slit shaped pores are unfavourable for rapid diffusion. We also observed that direct oxidation of sulfonic groups render a more stable catalyst compared to post grafting, even though the number of acidic sites are comparable.
The ordered silica modified with sulfonated carbon (SBA-15-RFC) shows very good performance in sunflower oil esterification with a conversion of 85 %. This is due to the combination of good wetting of the carbon particles, good diffusion, and adsorption of the water biproduct on the silica surfaces reducing the reverse hydrolysis reaction. The presented study shows undoubtedly that the catalyst matrix can be a make it or break it point for the catalysts performance.
The synergic effect of silica ordered mesoporosity and carbon properties (hydrophobicity, availability of reactive sites) seems to be advantageous for the fabrication of effective catalysts. The effect could be useful for other reactions and/or for the fabrication of materials bearing other catalytic functional groups. Figure S1 . The sedimentation of different catalysts in sunflower oil measured using turbidimetry. Figure S1 shows the normalized absorbance kinetic decay of the different catalysts in sunflower commercial oil. As can be seen in Figure S1 , the decay rate of the most hydrophilic material is faster than the hydrophobic material. In order to quantify the velocity of the absorbance decay the 
